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Graphical Abstract 
 
Diphosphine-induced thiolate-bridge scission of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (thpymS = 
1,4,5,6-tetrahydropyrimidine-2-thiolate): Structural and computational studies of 
configurational isomers of [Re(CO)3(κ2-S,N-thpymS)]2(µ,κ1,κ1-dppe)  
 
Md. Rassel Moni, Shishir Ghosh*, Shaikh M. Mobin, Derek A. Tocher, Graeme 
Hogarth, Michael G. Richmond, Shariff E. Kabir*   
 
The reactions of binuclear [Re(CO)3(µ,κ2-S,N-thpymS)]2 with diphosphines have been 
investigated which led to the isolation and characterization of a range of different products. 
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ABSTRACT: 
Reactions of binuclear [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with diphosphines have been 
investigated. At 298 K, dppm reacts to give mononuclear [Re(CO)3(κ1-dppm)(κ2-S,N-thpymS)] 
(2) through a phosphine-promoted scission of the dithiolate bridges that leaves one of the 
phosphine moieties free (dangling). Refluxing 2 in toluene leads to CO loss and formation of 
dinuclear [Re2(CO)4(µ-dppm)(µ,κ2-S,N-thpymS)2] (3) whose rhenium centers are bridged by two 
thiolate groups and the dppm ligand. Treatment of 1 with dppe at room temperature furnishes 
[Re(CO)3(κ2-S,N-thpymS)]2(µ,κ1,κ1-dppe) (4) where each phosphine center ligates the 
respective d6-ML5 rhenium fragment. Complex 4 exists as two distinct configurational isomers 
(4a and 4b) that have been isolated and the solid-state structures characterized 
crystallographically. The principal difference in the stereoisomeric products is the orientation of 
the two [Re(CO)3(κ2- S,N-thpymS)] moieties at the anti-staggered Newman projection involving 
the P-C-C-P backbone of the dppe ligand. Both stereoisomers retain their identity in solution at 
ambient temperatures but equilibrate to a 1:1 mixture upon heating at 363 K for 1 h. The reaction 
of 1 with dppe in toluene at 383 K affords [Re(CO)2(κ1-dppe)2(κ2-S,N-thpymS)] (5) containing 
two monodentate (dangling) diphosphine ligands. Thus, these seemingly simple reactions afford a 
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range of different products whose composition is highly dependent upon the experimental 
conditions employed and the nature of the diphosphine backbone. The reaction of 1 with dppe 
and the process responsible for the equilibration of the two configurational isomers of 4 have 
been investigated by electronic structure calculations. 
 
Keywords: rhenium; diphosphines; tetrahydropyrimidine-2-thiolate; DFT 
 
1. Introduction 
 Transition metal complexes containing heterocyclic thiolate ligands have attracted 
considerable attention as key constituents in metalloproteins [1-5] and as CVD and ALD 
precursors for electronic devices based on binary metal-sulfides employed in the semiconductor 
industry [6-9]. Many unique pharmacologically active drugs also exhibit a heterocyclic-based 
platform with an ancillary thiolate moiety [1, 10]. Heterocyclic thiolates are capable of 
coordinating metal compounds in a variety of ways, and the use of a coordinatively flexible 
thiolate ligand affords a wide range of structural motifs [11-20]. A long-term research theme 
within our laboratories has involved the reactivity investigation of transition metal carbonyls 
with heterocyclic thiols, and our results have revealed that the outcomes of these reactions are 
influenced by both the intrinsic reactivity of the metal carbonyl substrate and the structure of 
the initial heterocyclic thiol [21-42]. For example, reactions between M2(CO)10 (M = Mn, Re) 
and pyrimidine-2-thiol (pymSH) furnish tetranuclear “square-type” clusters [M(CO)3(µ,κ2-S,N-
pymS)]4 [28], while similar reactions with tetrahydropyrimidine-2-thiol (thpymSH) or pyridine-
2-thiol (pySH) affords only dinuclear products [M(CO)3(µ,κ2-S,N-thpymS)]2 [29, 34] and 
[M(CO)3(µ,κ2-S,N-pyS)]2 [5, 22, 42], respectively. Further, structural analyses reveal that while 
[M(CO)3(µ,κ2-S,N-thpymS)]2 adopt centrosymmetric structures, [M(CO)3(µ,κ2-S,N-pyS)]2 
adopt a chiral structure with C2 symmetry in the solid state (Scheme 1). Moreover, the metal-
sulfur (M–S) bond(s) are labile, making them highly versatile precursors of [M(CO)x(L)] (x = 
2, 3; L = heterocyclic thiolate) fragments. For example, these thiolate-bridged dimers readily 
react with phosphines and amines (at room temperature) to afford a range of mononuclear 
complexes such as fac-[M(CO)3(κ2-L)(PR3)], cis-[M(CO)2(κ2-L)(κ2-diphosphine)], fac-
[M(CO)3(κ2-L)(κ1-diamine)], cis-[M(CO)2(κ2-L)(κ1-diphosphine)2] [22-29]. Heating the 
thiolated-bridged dimers with other metal carbonyls affords mixed-metal complexes containing 
[M(CO)3(L)] fragments [30-36]. 
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Scheme 1. Reactions of [M2(CO)10] (M = Mn, Re) with pySH, pymSH and thpymSH. 
 In comparison to the extensive number of reports published for this genre of dinuclear 
complexes that adopt a chiral structure, very little attention has been paid to dinuclear 
complexes that adopt a centrosymmetric structure [29, 34]. In a continuation of our previous 
work, we now report on the reactivity of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with the 
diphosphines, bis(diphenylphosphino)methane (dppm) and 1,2-bis(diphenylphosphino)ethane 
(dppe). Unexpectedly, the nature of the products generated is critically dependent on both the 
reaction conditions employed and the nature of the diphosphine used, and we present our 
results herein on the four different types of products that have been isolated and structurally 
characterized. 
2. Experimental 
2.1. General data  
All the reactions were performed under a nitrogen atmosphere using standard Schlenk 
techniques. Reagent grade solvents were dried by standard procedures and freshly distilled 
prior to use. Re2(CO)10 (Strem) and tetrahydropyrimidine-2-thiol (thpymSH), dppm, and 
dppe (Acros Organics) were purchased and used as received. [Re(CO)3(µ,κ2-S,N-thpymS)]2 
was prepared according to the literature [29]. Products were separated without any special 
precautions on TLC plates coated with 0.25 mm silica gel (HF254-type 60, E. Merck, 
Germany). IR spectra were recorded on a Shimadzu FTIR Prestige 21 spectrophotometer and 
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NMR spectra on a Varian Unity plus 500 spectrometer. All chemical shifts are reported in δ 
units and are referenced to the residual protons of the deuterated solvents (1H) or to external 
H3PO4 (31P), whose chemical shift is assigned to δ = 0.0. Elemental analyses were performed 
by the Microanalytical laboratory of Wazed Miah Science Research Centre at Jahangirnagar 
University. 
2.2. Reaction of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with dppm 
A. Reaction at 298 K. To 1 (35 mg, 0.045 mmol) and dppm (35 mg, 0.091 mmol) under a 
nitrogen flow was added 15 mL of CH2Cl2. The solution was stirred at room temperature for 
12 h, after which time the solvent was removed under reduced pressure and the residue 
purified by TLC. Elution with cyclohexane/CH2Cl2 (4:1, v/v) developed three bands. The 
first and third bands were identified as unreacted dppm (10 mg) and 1 (6 mg), respectively; 
the second band was confirmed as the desired product [Re(CO)3(κ1-dppm)(κ2-S,N-thpymS)] 
(2), which was isolated in 49% yield (34 mg) as colorless crystals after recrystallization from 
hexane/CH2Cl2 at 4 °C. Analytical and spectroscopic data for 2: Anal. Calcd for 
C32H29N2O3P2ReS: C, 49.93; H, 3.80; N, 3.64. Found: C, 50.67; H, 3.87; N, 3.69%. IR (νco, 
CH2Cl2): 2016 vs, 1915 s, 1886 s cm-1. 1H NMR (CDCl3): δ 7.43 (m, 2H), 7.37 (m, 2H), 7.13 
(m, 6H), 7.03 (m, 10H), 4.44 (s, 1H), 3.55 (m, 1H), 3.19 (m, 1H), 2.78 (m, 1H), 2.64 (m, 1H), 
2.42 (m, 1H), 1.90 (m, 1H), 1.36 (m, 1H), 0.95 (m, 1H). 31P{1H} NMR (CDCl3): δ 11.2 (d, 
1P, J 75.0 Hz), -25.8 (d, 1P, J 75.0 Hz). 
 
B. Reaction at 383 K. A toluene solution (15 mL) of 1 (50 mg, 0.065 mmol) and dppm (50 
mg, 0.13 mmol) was stirred for 12 h at reflux. Upon cooling, the solvent was removed under 
reduced pressure and the residue chromatographed. Elution with cyclohexane/CH2Cl2 (7:3, 
v/v) developed four bands. The first and fourth bands were established by TLC analysis as 
unreacted dppm (8 mg) and 1 (trace), respectively. The second and third bands corresponded 
to [Re(CO)3(κ1-dppm)(κ2-S,N-thpymS)] (2) (8 mg, 8%) and the dinuclear compound 
[Re2(CO)4(µ-dppm)(µ,κ2-thpymS)2] (3). The latter product was isolated in 38% yield (29 mg) 
as colorless crystals after recrystallization from hexane/CH2Cl2 at 4 °C. Analytical and 
spectroscopic data for 3: Anal. Calcd for C37H36N4O4P2Re2S2·CH2Cl2: C, 38.54; H, 3.23; N, 
4.73. Found: C, 39.17; H, 3.30; N, 4.77%. IR (νco, CH2Cl2): 1913 vs, 1834 s cm-1. 1H NMR 
(CDCl3): δ 7.35 (m, 4H), 7.23-7.14 (m, 10H), 7.07 (m, 6H), 5.11 (s, 2H), 3.94 (t, 2H, J 10 
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Hz), 3.61 (m, 1H), 3.58 (m, 1H), 3.44 (m, 4H), 3.31 (m, 2H), 2.06 (m, 4H). 31P{1H} NMR 
(CDCl3): δ 16.7 (s). 
2.3. Conversion of 2 to 3 
A toluene solution (10 mL) of 2 (30 mg, 0.039 mmol) was heated to reflux for 1 h. Upon 
cooling, the solvent was removed and the compounds 2 and 3 separated by TLC as described 
above. The first band was identified as 2 (9 mg) and the second band afforded 3. The latter 
product was isolated in 56% (12 mg) as colorless crystals after recrystallization from 
hexane/CH2Cl2 at 4 °C. 
2.4. Reaction of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with dppe 
A. Room temperature reaction. To 1 (35 mg, 0.045 mmol) and dppe (36 mg, 0.090 mmol) 
was added 35 mL of CH2Cl2, and the solution was stirred at for 48 h. The solvent was 
removed under reduced pressure, and the residue was purified by TLC. Elution with 
cyclohexane/CH2Cl2 (7:3, v/v) gave four distinct bands with the first eluted band representing 
dppe (3 mg). The third and fourth bands were subsequently identified as the stereoisomers 
[Re(CO)3(κ2-S,N-thpymS)]2(µ,κ1,κ1-dppe)] with 4a eluting before 4b. Both products were 
recrystallized from hexane/CH2Cl2 at 4ºC and afforded 4a and 4b as colorless crystals in 36% 
yield (22 mg) and 47 % yield (27 mg), respectively. The contents of the second band were 
too small for complete characterization and its identity was not pursued. Analytical and 
spectroscopic data for 4a: Anal. Calcd for C40H38N4O6P2Re2S2·2CH2Cl2: C, 37.67; H, 3.16; 
N, 4.18. Found: C, 38.21; H, 3.23; N, 4.22%. IR (νCO, CH2Cl2): 2016 vs, 1915 s, 1886 s cm-1. 
1H NMR (CDCl3): δ 7.47 (m, 3H), 7.40 (m, 2H), 7.34 (m, 9H), 7.25 (m, 5H), 4.47 (s, 2H), 
2.87 (m, 4H), 2.70 (m, 2H), 2.42 (m, 4H), 1.91 (m, 2H), 1.43 (m, 2H), 0.84 (m, 2H). 31P{1H} 
NMR (CDCl3): δ 14.8 (s). Analytical and spectroscopic data for 4b: Anal. Calcd for 
C40H38N4O6P2Re2S2·CH2Cl2: C, 39.26; H, 3.22; N, 4.47. Found: C, 40.06; H, 3.29; N, 4.53%. 
IR (νCO, CH2Cl2): 2015 vs, 1914 s, 1884 s cm-1. 1H NMR (CDCl3): δ 7.39-7.24 (m, 20H), 4.59 
(s, 2H), 3.25 (t, 2H, J 15.0 Hz), 2.86 (m, 2H), 2.68 (m, 2H), 2.47 (m, 2H), 2.07 (m, 2H), 1.88 
(m, 2H), 1.42 (m, 2H), 0.88 (m, 2H). 31P{1H} NMR (CDCl3): δ 15.5 (s). 
 
B. Reaction at 383 K. To a toluene solution (20 mL) of 1 (40 mg, 0.052 mmol) was added 
dppe (42 mg, 0.11 mmol), after which the reaction mixture was heated to reflux for 8 h. The 
solvent was removed under reduced pressure, and the residue chromatographed over silica 
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gel. Elution with cyclohexane/CH2Cl2 (3:2 v/v) developed four bands. The first and fourth 
bands were confirmed as dppe (12 mg) and 1 (7 mg), respectively. The second band afforded 
[Re(CO)2(κ1-dppe)2(κ2-thpymS)] (5) (36 mg, 30%) as colorless crystals after recrystallization 
from hexane/CH2Cl2 at 4 °C, while the amount of the third band was insufficient for thorough 
characterization. Analytical and spectroscopic data for 5: Anal. Calcd for C58H55N2O2P4ReS: 
C, 60.35; H, 4.80; N, 2.43. Found: C, 61.07; H, 4.88; N, 2.47%. IR (νco, CH2Cl2): 1920 vs, 
1842 vs cm-1. 1H NMR(CDCl3): δ 7.91 (m, 3H), 7.85 (m, 4H), 7.63 (m, 2H), 7.51-7.22 (m, 
31H), 4.38 (s, 1H), 3.03 (m, 2H), 2.81 (m, 2H), 2.60 (m, 2H), 2.40 (m, 2H), 2.23 (m, 2H), 
1.71 (m, 2H), 1.21 (m, 2H). 31P{1H} NMR (CDCl3): major isomer: δ 28.1 (d, J 8.0 Hz), 44.8 
(d, J 8.0 Hz); minor isomer: δ 33.0 (d, J 4.0 Hz), 43.9 (d, J 4.0 Hz): major/minor = 2:1. 
2.5. X-ray crystallography 
Single crystals of 2, 3, 4a, and 4b suitable for X-ray diffraction analysis were grown by slow 
diffusion of hexane into a CH2Cl2 solution containing each compound. Suitable crystals were 
mounted on an Agilent Super Nova dual diffractometer (Agilent Technologies Inc., Santa 
Clara, CA) using a Nylon loop and Paratone oil and the diffraction data were collected at 
150(2) K using Mo-Kα radiation (λ = 0.71073). Unit cell determination, data reduction, and 
absorption corrections were carried out using CrysAlisPro [43]. The structures were solved 
with the ShelXS [44] structure solution program by direct methods and refined by full-matrix 
least-squares on the basis of F2 using ShelXL [44] within the OLEX2 [45] graphical user 
interface. Non-hydrogen atoms were refined anisotropically while the hydrogen atoms were 
included using a riding model. Pertinent crystallographic parameters are given in Table 1. 
Place Table 1 Here 
2.6. Computational details and modelling 
The DFT calculations were carried out with the Gaussian 09 package of programs [46] using 
the B3LYP hybrid functional. This functional is comprised of Becke's three-parameter hybrid 
exchange functional (B3) [47] and the correlation functional of Lee, Yang, and Parr (LYP) 
[48]. Each rhenium atom was described with the Stuttgart-Dresden effective core potential 
and SDD basis set, [49] and the 6-31G(d’) basis set [50] was employed for all remaining 
atoms. All reported geometries were fully optimized, and the analytical Hessian was 
evaluated at each stationary point to determine whether the geometry was an energy 
minimum (no negative eigenvalues) or a transition structure (one negative eigenvalue). 
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Unscaled vibrational frequencies were used to make zero-point and thermal corrections to the 
electronic energies, and the resulting enthalpies are reported in kcal/mol relative to the 
specified standard. Intrinsic reaction coordinate (IRC) calculations were performed on all 
transition-state structures in order to establish the reactant and product species associated 
with each transition-state structure. The geometry-optimized structures have been drawn with 
the JIMP2 molecular visualization and manipulation program [51]. 
3. Results and discussion 
3.1. Reaction of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with dppm 
 Earlier we reported that reaction of 1 with dppm at 80 °C gave mononuclear 
[Re(CO)3(κ1-dppm)(κ2-S,N-thpymS)] (2) in 57% yield (Scheme 2) [29]. We have now 
conducted this reaction at two additional temperatures and found that the product distribution 
varies with temperature. At room temperature 2 is still generated, although the yield is lower 
because the reaction is slower, while in refluxing toluene the reaction also furnishes binuclear 
[Re2(CO)4(µ-dppm)(µ,κ2-thpymS)2] (3) as the major isolable product (38%). The higher 
temperature reaction was accompanied by extensive product decomposition as evidenced by 
the large amount of material that remains at the origin of the TLC plate. In a separate 
experiment, we showed that 2 transforms into 3 upon heating in refluxing toluene (Scheme 2).  
 
 
 
 
 
Scheme 2. Reaction of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with dppm. 
 We have characterized both 2 (Fig. 1) and 3 (Fig. 2) by single-crystal X-ray diffraction. 
Selected bond distances and angles for 2 and 3 are given in the appropriate figure captions. 
Mononuclear 2 has a distorted octahedral geometry, and the coordination sphere about the 
rhenium reveals the presence of three facial carbonyls, an S,N-chelating tetrahydropyrimidine-
2-thiolate ligand, and a monodentate (κ1) diphosphine. The N‒Re‒S chelate angle of 
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66.67(17)° is similar to that observed in [Re(CO)3(PPh3)(κ2-S,N-thpymS)] [64.05(9)°] [29]. 
Likewise, the Re‒N [2.153(6) Å] and Re‒P [2.4881(18) Å] bond distances are almost identical 
to those found in [Re(CO)3(PPh3)(κ2-S,N-thpymS)], while the Re‒S bond distance of 2.509(2) 
Å is ca. 0.05 Å shorter in the PPh3-substituted derivative [29]. Binuclear 3 contains a dirhenium 
framework that is tethered by the dppm and two thpymS ligands. The S‒Re‒N chelate angles 
[S(2)‒Re(1)‒N(3) 64.68(10) and S(1)‒Re(2)‒N(1) 64.58(9)°] are similar to that in 2 and related 
thiolate-bridged complexes prepared by us [28-33, 37]. Each metal atom is also bound to two 
carbonyls which are positioned trans to the sulfur bridges. The starting complex 1 adopts a 
centrosymmetric structure where the tetrahydropyrimidine groups lie on opposite sides of the 
plane defined by the Re2S2 atoms, while in 3 the two heterocycles bridge the Re2S2 atoms that 
share a common side in order to create the proper environment for the dppm ligand to bridge 
the adjacent Re(1) and Re(2) atoms. The Re‒P bond distances [Re(1)‒P(1) 2.3412(10) and 
Re(2)‒P(2) 2.3607(10) Å] are significantly shorter than that observed in 2 [2.4881(18) Å], 
while the Re‒S bond distances [Re(1)‒S(1) 2.5469(10), Re(1)‒S(2) 2.5585(10), Re(2)‒S(1) 
2.5628(10), Re(2)‒S(2) 2.5483(11) Å] are slightly longer than that found in 2 [2.509(2) Å]. The 
Re‒N bond distances [Re(1)‒N(3) 2.159(4) and Re(2)‒N(1) 2.147(3) Å] in 3 are similar in 
length and are unremarkable with respect to related complexes [28-33, 37]. The spectroscopic 
data for 3 indicate that the solid-state structure persists in solution. The IR spectrum exhibits 
two strong carbonyl bands at 1913 and 1834 cm-1 while the 31P{1H} NMR spectrum shows a 
single resonance at δ 16.7 consistent with equivalent phosphorus atoms in the dppm ligand. 
Place Figures 1 and 2 Here 
 Finally, we address the conversion of 2 → 3. The exact sequence for this process is not 
known, but the product stoichiometry requires the formal loss of dppm from 2. A rate-limiting 
dissociation of dppm from 2 would generate the unsaturated d6-ML5 species Re(CO)3(κ2-S,N-
thpymS), which could be scavenged by the dangling phosphine group in unreacted 2 to give the 
dppm-bridged compound [fac-Re(CO)3(κ2-S,N-thpymS)]2(µ,κ1,κ1-dppm). Loss of two CO 
groups, coupled with thiolate bridging of the adjacent rhenium centers, would afford 3. That the 
capture of the dangling phosphine moiety in 2 is important en route to 3 was addressed by a 
control experiment. Heating 2 with 1 (0.5 equivalent) at 353 K gave 3 in high yield for those 
reactions that were monitored by TLC and IR spectroscopy. 
3.2. Reaction of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with dppe 
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 Room temperature reaction of 1 and dppe (1:2 ratio) yields [Re(CO)3(κ2-
thpymS)]2(µ,κ1,κ1-dppe) (4) in 80 % yield by NMR. Analysis of the crude reaction mixture by 
TLC revealed the presence of two close running products in a 1:1 ratio, and the products were 
subsequently isolated and structurally characterized by X-ray crystallography. The right-hand 
portion of Scheme 3 illustrates this reaction. 
 
 
 
 
 
 
 
 
Scheme 3. Reactions of [Re(CO)3(µ,κ2-S,N-thpymS)]2 (1) with dppe. 
 The solid-state structures for 4a and 4b are shown in Figs. 3 and 4, respectively, and 
the structures are confirmed as configurational stereoisomers. 4a crystallizes in the 
monoclinic space group P21/c, and the asymmetric unit contains half of the molecule along 
with a molecule of CH2Cl2; 4b crystallizes in the trigonal space group P3121 and contains half 
a molecule of 4b and CH2Cl2 in the asymmetric unit cell. Each structure of [Re(CO)3(κ2-S,N-
thpymS)]2(µ,κ1,κ1-dppe) contains a dppe ligand that coordinates two monomeric rhenium-
tetrahydropyrimidine-2-thiolate subunits. The metric parameters displayed by 4a and 4b are 
very similar and within the range reported for related complexes [28-33, 37]. In both, the 
local geometry around each rhenium is best described as a distorted octahedron, and the bond 
angle found for each N‒Re‒S chelate is ca. 65°. An inversion center about the middle of the 
C(20)‒C(20A) bond exists in 4a, and this condition accounts for the coplanar environment 
and 180° torsion angle for the P(1)‒C(20)‒C(20A)‒P(1A) atoms. Due to the absence of 
centrosymmetric symmetry in 4b, the P(1)‒C(20)‒C(20A)‒P(1A) torsion angle reveals a 
deviation from the ideal anti-periplanar orientation found in 4a and exhibits with a slightly 
smaller torsion angle of 164.5°. Both products was also examined by DFT calculations, and 
the optimized structure of each product is shown alongside the experimentally determined 
structure. The structures computed for 4a (F) and 4b (J) exhibit excellent agreement with 
their respective solid-state structure. 
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Place Figures 3 and 4 Here 
These stereoisomers are best viewed from the vantage of a Newman projection 
employing the P-C-C-P frame of the dppe ligand as the focal point for comparison of the 
differences displayed by the two Re(CO)3(κ2-S,N-thpymS) fragments in 4a and 4b (Scheme 4). 
The significant difference between the stereoisomers is the location of the Re(CO)3(κ2-S,N-
thpymS) fragments about the Newman projections. The rhenium fragments adopt an anti-
orientation in 4a consistent with the symmetry-imposed inversion property, while in 4b the two 
rhenium groups are located on the same side of the molecule. It should be noted that 4a and 4b 
are not rotamers and cannot interconvert via torsional rotation about any of the bonds in either 
species [52]. 
 
 
 
 
 
 
 
 
 
Scheme 4. Newman projections of 4a (left) and 4b (right) about the P-C-C-P frame of the dppe 
ligand. 
 Spectroscopic data confirm that 4a and 4b retain their identities in solution at ambient 
temperature under an inert atmosphere. The IR spectra show three characteristic carbonyl 
absorptions and the 31P{1H} NMR spectra show a distinct singlet for each stereoisomer (δ 
14.8 for 4a and δ 15.5 for 4b). Compounds 4a and 4b are labile at elevated temperature, and 
heating each stereoisomer at 90 °C for 1 h readily generates an equimolar mixture containing 
4a and 4b for those reactions monitored by 31P NMR spectroscopy. The observation of a 1:1 
mixture of stereoisomers after heating either 4a or 4b indicates a negligible energy difference 
between the two species and this feature, which was confirmed by DFT calculations, will be 
discussed in the next section. 
 In contrast to the products 4a and 4b produced from 1 and dppe at room temperature, 
thermolysis of 1 and dppe in refluxing toluene furnished [Re(CO)2(κ1-dppe)2(κ2-S,N-
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thpymS)] (5) as the major product (30% yield). The nature of 5 is shown in Scheme 3 (left-
hand portion), and the recorded spectroscopic data are in accord with the formulated 
structure. The IR spectrum shows two very strong carbonyl absorptions at 1920 and1842 cm-1 
in excellent agreement with the frequencies reported by us for the pyridine-2-thiolate analog, 
[Re(CO)2(κ1-dppe)2(κ2-S,N-pymS)] [28], which was prepared from the reaction of 
tetranuclear [Re(CO)3(µ,κ2-S,N-pymS)]4 and dppe under similar conditions. The 31P{1H} 
NMR spectrum of 5 displays two sets of doublets in a 2:1 ratio that support the existence of a 
pair of isomers in solution. The set of resonances at δ 28.1 and 44.8 (JPP 8 Hz) are attributed 
to the major isomer, while those at δ 33.0 and 43.9 (JPP 4 Hz) are assigned to the minor 
isomer. The 1H NMR spectrum is not particularly informative in terms of identifying the two 
isomers, but it does show resonances for the expected methylene protons of the dppe ligand 
and the heterocyclic residue, together with the NH moiety of the thpym group and the dppe 
aryl hydrogens. 
3.3 Computational results 
 The reaction of 1 with dppe was investigated by electronic structure calculations in 
order to evaluate the energetic landscape leading to 4a and 4b. Dimer 1 is not unlike bromo-
bridged Br2Re2(CO)6 whose substitutional regioselectivity with ambidentate donors was 
recently examined [53]. This particular dimer reacts with incoming bidentate P-N donors as 
opposed to the unsaturated monomeric species BrRe(CO)4 whose formation, relative to the 
reactant, is energetically prohibitive by 34.5 kcal/mol. Figs. 5 and 6 show the pertinent 
geometry-optimized structures and the energy surface en route to the products F and J. The 
dissociation of 1 to the unsaturated species Re(CO)3(κ2-S,N-thpym) (two equivalents) was 
evaluated, and the formation of B was computed to lie 32.6 kcal/mol above the reactant 
dimer. This energy difference is significant and allows us to exclude the participation of the 
monomeric species Re(CO)3(κ2-S,N-thpym) depicted in Scheme 5 in the reactions performed 
at room temperature. Species A_alt, which is 13.9 kcal/mol more stable than B, forms via the 
cleavage of one of the Re-S bonds in A to give an activated form of the starting dimer. The 
liberated rhenium center (black) in A_alt is five-coordinate and possesses a vacant site that 
can capture dppe to afford the mono-thiolate bridged species D. Disruption of a single 
thiolate bridge is accompanied by a penalty of 18.7 kcal/mol. The formation of the mono-
substituted product [Re(CO)3(κ1-dppe)(µ,κ2-S,N-thpymS)Re(CO)3(κ2-S,N-thpymS)] (D) is 
exothermic by 9.8 kcal/mol and helps drive the reaction to products F and J. We also note 
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that the direct reaction of A and C to give D cannot be excluded from consideration at this 
juncture. 
Place Figures 5 and 6 Here 
 
 
 
 
 
 
 
Scheme 5. [Re(CO)3(µ,κ2-thpymS)]2 (1) dissociation to two equivalents of  
Re(CO)3(κ2-S,N-thpymS) monomer. 
 The conversion of D to F (as well as J) can, in theory, proceed through an 
intramolecular attack of the free phosphine moiety in D at the rhenium (red color; Fig. 5) that 
is bridged by the µ,κ2-thpymS ligand. A concerted associative process that involves a 
saturated rhenium center lacks precedence based on the pioneering work of Atwood and 
Brown on related substitution reactions at six-coordinate Mn(I) and Re(I) derivatives [55], 
which, without exception, undergo ligand substitution through a dissociative manifold that 
furnishes a 16e d6-ML5 intermediate. The conversion of D → E and B is thus favored, and 
the sequence is completed by the capture of the dangling phosphine in E by the unsaturated 
species B to give F and J. The optimized structures of the two products are depicted 
alongside their X-ray diffraction structure in Figs. 3 and 4, respectively. Product F is 19.6 
kcal/mol more stable than the reactants, and the energy difference (∆H) between products F 
and J is small and favors the former by 0.7 kcal/mol. 
 We next address the equilibration of 4a and 4b observed on heating. As mentioned 
earlier, the equilibration process is symmetry prohibited and cannot proceed without bond 
breaking. Scheme 6 illustrates this using 4a and utilizing the antiperiplanar conformation 
about the P-C-C-P frame to demonstrate the phenomenon. Rotation of the lower rhenium 
moiety in 4a about the C-C-P-Re fold angle furnishes the depicted rotamer product. The 
dihedral rotation effectively translates the nitrogen heterocycle to a site syn to the 
unperturbed heterocycle associated with the upper rhenium unit. The spatial orientation of the 
two heterocycles in the rotameric product is different from the heterocycles in 4b. 
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Scheme 6. Rotamer interconversion by rotation about the C-C-P-Re dihedral angle in 4a. 
 Successful conversion of F → J was found to proceed by dissociative release of a 
coordinated nitrogen atom in one of the S,N-chelated rings. Fig. 7 shows the optimized 
structures and the energy surface appears in Fig. 8. The release of the coordinated nitrogen in 
F from the lower chelated heterocycle gives the trigonal-bipyramidal species G that contains 
an equatorial κ1 thiolate moiety. TSFG serves as the rate-limiting step for the overall 
reaction, lying 26.8 kcal/mol above F. The unsaturated product G lies 1.9 kcal/mol below 
TSFG. The κ1 thiolate group in G next undergoes a clockwise rotation by way of TSGH and 
where the forward motion of the heterocycle is coupled with chelate-ring closure to afford H. 
The final steps involve tandem C-C-P-Re torsional rotations that lead to the conversion of H 
→ I → J and complete the formal equilibration of F → J.  
Place Figures 7 and 8 Here 
4. Summary and conclusions 
 Reaction between binuclear [Re(CO)3(µ,κ2-thpymS)]2 (1) and dppm furnish 
mononuclear [Re(CO)3(κ1-dppm)(κ2-thpymS)] (2) at room temperature, while the same 
reaction conducted at elevated temperature in toluene affords dinuclear [Re2(CO)4(µ,κ1,κ1-
dppm)(µ,κ2-thpymS)2] (3) as the major product. Complex 2 contains a dangling dppm ligand, 
while the same diphosphine bridges two rhenium atoms in 3. Normally the dinuclear 
framework of [M(CO)3(µ-L)]2 (M = Mn, Re; LH = heterocyclic thiol) type complexes breaks 
down during their reactions with phosphines due to the fragile nature of the M‒S bond [5, 22-
36]. Complex 3 is the second example in which the metal-sulfur bridges remain intact in the 
product, the other being [Mn2(CO)5(PPh3)(µ,κ2-S,N-pyS)2] which was synthesized from 
[Mn2(CO)6(µ,κ2-S,N-pyS)2] at room temperature using [(Ph3P)2Ni(CO)2] as the phosphine 
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source [26]. Upon thermolysis in refluxing toluene, 2 transforms to 3 as demonstrated by 
independent control experiments. In contrast, a similar reaction between 1 and dppe at room 
temperature yields the configurational isomers [Re(CO)3(κ2-S,N-thpymS)]2(µ,κ1,κ1-dppe) 
(4a,b) whose structures differ only by the orientation of [Re(CO)3(κ2-S,N-thpymS)] units about 
the P-C-C-P backbone of the dppe ligand. At ambient temperatures both 4a and 4b maintain 
their identity in solution, but they readily equilibrate to a 1:1 mixture at 90°C over a period of 1 
h through a rate-limiting dissociation of one of the chelated nitrogen atoms in a thpymS 
ligand. In contrast, heating 1 and dppe in refluxing toluene gives only [Re(CO)2(κ1-dppe)2(κ2-
S,N-thpymS)] (5) which contains two dangling dppe ligands. 
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Table 1. Crystal data and structure refinement details for compounds 2, 3, 4a, and 4b 
Compound 2 3 4a 4b 
Empirical formula 
Formula weight 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 
Volume (Å3) 
Z 
Density (calculated) (Mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size (mm3) 
Ɵ range for data collection (°) 
Index ranges 
 
 
Reflections collected 
Independent reflections [Rint] 
Data / restraints / parameters 
Goodness of fit on F2 
Final R indices [I > 2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e. Å-3) 
C32H29N2O3P2ReS 
769.77 
150(2) 
0.71073 
monoclinic 
P21/c  
 
14.559(5) 
12.327(5) 
18.478(5) 
90 
109.100(5) 
90 
3133.7(19) 
4 
1.632 
4.081 
1520 
0.33 × 0.26 × 0.21 
1.48 to 26.071 
‒16 ≤ h ≤ 17, 
‒14 ≤ k ≤ 15, 
‒20 ≤ l ≤ 22 
22128 
6134 [Rint = 0.0221] 
6134 / 1 / 374 
1.110 
R1 = 0.0511, wR2 = 0.1300 
R1 = 0.525, wR2 = 0.1308 
3.71 and ‒2.23 
2(C37H36N4O4P2Re2S2·CH2Cl2) 
2368.16 
150(1) 
0.71073 
triclinic 
P-1  
 
9.6219(2) 
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Fig. 1. Solid-state molecular structure of [Re(CO)3(κ1-dppm)(κ2-S,N-thpymS)] (2) showing 
50% thermal ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths [Å] 
and bond angles [°]: Re(1)‒N(1) 2.153(6), Re(1)‒P(1) 2.4881(18), Re(1)‒S(1) 2.509(2), 
Re(1)‒C(1) 1.947(9), Re(1)‒C(2) 1.932(8), Re(1)‒C(3) 1.969(8), N(1)‒Re(1)‒P(1) 
88.98(18), N(1)‒Re(1)‒S(1) 66.67(17), P(1)‒Re(1)‒S(1) 87.52(7), N(1)‒Re(1)‒C(3) 94.2(4), 
N(1)‒Re(1)‒C(2) 172.9(3), S(1)‒Re(1)‒C(2) 106.5(2), S(1)‒Re(1)‒C(3) 160.8(3), P(1)‒
Re(1)‒C(2) 92.6(2), P(1)‒Re(1)‒C(1) 178.5(3), P(1)‒C(9)‒P(2) 115.5(3). 
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Fig. 2. Solid-state molecular structure of [Re2(CO)4(µ,κ1,κ1-dppm)(µ,κ2-S,N-thpymS)2] (3) 
showing 50% thermal ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond 
lengths [Å] and bond angles [°]: Re(1)‒P(1) 2.3412(10), Re(2)‒P(2) 2.3607(10), Re(1)‒N(3) 
2.159(4), Re(2)‒N(1) 2.147(3), Re(1)‒S(1) 2.5469(10), Re(1)‒S(2) 2.5585(10), Re(2)‒S(1) 
2.5628(10), Re(2)‒S(2) 2.5483(11), Re(1)‒C(1) 1.878(5), Re(1)‒C(2) 1.883(4), Re(2)‒C(3) 
1.882(5), Re(2)‒C(3) 1.881(5), Re(1)‒S(1)‒Re(2) 92.82(3), Re(1)‒S(1)‒Re(2) 92.89(3), 
S(1)‒Re(1)‒S(2) 84.62(3), S(1)‒Re(2)‒S(2) 84.51(3), S(2)‒Re(1)‒N(3) 64.68(10), S(1)‒
Re(2)‒N(1) 64.58(9), N(3)‒Re(1)‒C(1) 103.88(17), N(3)‒Re(1)‒C(2) 94.94(16), C(1)‒
Re(1)‒C(2) 89.24(19), P(1)‒Re(1)‒N(3) 161.45(10), S(1)‒Re(1)‒N(3) 86.26(10), P(1)‒
Re(1)‒S(1) 90.21(3), P(1)‒C(25)‒P(2) 117.8(2). 
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Fig. 3. Thermal ellipsoid plot of the molecular structure of 4a (left) and the DFT-optimized structure of F (right). Thermal ellipsoids are 
displayed at 50% probability. Selected bond lengths [Å] and bond angles [°] from the X-ray diffraction structure: Re(1)‒P(1) 2.4764(1), Re(1)‒
N(1) 2.164(4), Re(1)‒S(1) 2.5465(2), P(1)‒C(20) 1.842(5), C(20)‒C(20A) 1.532(9), N(1)‒Re(1)‒S(1) 64.80(1), N(1)‒Re(1)‒P(1) 88.48(1), 
C(1)‒Re(1)‒S(1) 91.81(2), C(1)‒Re(1)‒C(2) 91.0(3). 
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Fig. 4. Thermal ellipsoid plot of the molecular structure of 4b (left) and the DFT-optimized structure of J (right). Thermal ellipsoids are 
displayed at 50% probability. Selected bond lengths [Å] and bond angles [°] from the X-ray diffraction structure: Re(1)‒P(1) 2.4761(1), Re(1)‒
N(1) 2.160(4), Re(1)‒S(1) 2.5450(1), P(1)‒C(20) 1.845(5), C(20)‒C(20A) 1.518(9), N(1)‒Re(1)‒S(1) 64.77(1), N(1)‒Re(1)‒P(1) 87.32(1), 
C(1)‒Re(1)‒S(1) 90.18(2), C(1)‒Re(1)‒C(2) 88.7(2). 
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Fig. 5. DFT-optimized structures for species A, A_alt, B, D, and E. The optimized structure 
for dppe (C) is not shown. 
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Fig. 6. Energy surface for the conversion of A and C to give F. The energy values for ∆H are 
in kcal/mol relative to A+C. 
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Fig. 7. DFT-optimized structures for the ground-state structures G, H, and I, and transition states TSFG and TSGH. 
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Fig. 8. Energy surface for the isomerization of F to give J. The energy values for ∆H are in 
kcal/mol relative to F. 
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Research Highlights 
 
• Reactions of binuclear [Re(CO)3(µ,κ2-S,N-thpymS)]2 with diphosphines 
• Synthesis and structure of dppm-bridged dirhenium complex [Re2(CO)4(µ-
dppm)(µ,κ2-S,N-thpymS)2]  
• Structures of the two configurational isomers of [Re(CO)3(κ2-S,N-thpymS)]2(µ,κ1,κ1-
dppe)  
 
 
 
